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SUMMARY' 

A  heat  tlux  measurement  system  comprising  a  laser  duxie,  a  single  nuxie  optical 
fibre  interferometer  and  passive  optical  fibre  components  has  been  constructed.  The  system 
has  been  designed  for  use  in  transient  How  wind  tunnels  and  has  a  resolution  of  1  kW  m 
a  dynamic  range  of  20  MW  nr  -  and  bandwidth  >  1(K)  kHz  Heat  f]u;x  measurements  base 
been  made  with  the  system  on  the  endwall  of  a  cascade  of  stator  blades 
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1.  Abstract 

•A  heal  flus  mcasuretticnl  s>stctn  composing  a 
laser  diode,  a  single  mode  optical  fibre 
interferometer  and  passive  optical  fibre 
components  ha.s  been  constructed  The  svstem  ha.s 
been  designed  for  use  in  transient  flow  wind 
tunnels  and  ha.s  a  resolution  of  1  kW  m'^  ,  a 

dsTiamic  range  of  2ii  MW  m'^  and  bandwidth 
»  IW)  kHz  Heat  flux  measurements  have  been 
made  with  the  .svstem  on  the  cndwall  of  a  cascade 
of  stator  blades 

2.  Introduction 

In  this  paper  wc  describe  a  laser  ba.scd  fibre 
interferometer  svstem  for  measunng  heal  transfer 
rates  The  technique  is  intended  for  application  in 
making  heat  flux  measurements  via  transient 
methods  such  as  in  shon  duration  (-2!)  ms) 


blowdown  wind  tunnels  and  longer  duration  (S  Is) 
pulsed  wmd  tunnels 

Current  techniques  for  heat  transfer  measurcmcni 
include  liquid  ervstah  (Ireland  &  Jones  19k6i. 
mass  transfer  analogties  (Hcikal  ct  al  1991)  and 
swollen  poK-mers  (Roberts  ct  al  1991)  In 
addiuon,  platinum  thin  film  resistance  gauges 
(Schultz  and  Jones  197i)  conunue  to  plav  an 
impiortant  role  in  heat  transfer  measurements 

The  potential  adv  antages  of  a  fibre  optic  sensor  for 
heat  transfer  measurement  arc  (i)  high  spatial 
resolution  (~20nm‘).  (ti)  high  temperature 
resolution  (sub  mK).  (iii)  ininnstc  calibration,  (iv) 
high  measurement  bandwidth  (>100  kHz),  (v) 
muJtiplcxcd  arrays  possible,  and  (\i)  immunity  to 
electro-magnetic  interference 

The  basic  optical  sensor  design  is  that  of  a  fibre 
Fabrv-Perot  (FFP)  interferometer  In  the  sensor,  a 
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short  length  of  fibre  (~2min)  v^ith  a  low  rencctw  its 
coating  at  each  end  forms  an  intcrfcrorneicr 

In  the  following  sections  of  this  paper  we  shall 
describe  the  design,  theorv  of  o[)cration 
construction,  operation  and  wind  tunnel  evaluation 
of  FFP's  as  high  bandwidth  high  resolution  heat 
transfer  gauges 

i.  Sensor  Operating  Pincipics 

3.1  The  Fibre  Fabrj-Perot  Interferometer 

A  fibre  Fabry-Perot  fFFP)  interferometer  can  be 
formed  inside  a  length  of  single  mode  optica)  fibre 
simply  by  cleaving  the  ends  of  the  fibre  normal  to 
the  propagation  axis  Each  cleaved  end  provides  a 
Frc'ncl  rcflecuon  of  -  4  %  The  single  mode 
propagation  property  of  the  fibre  provides  only  one 
opucal  path  between  the  fibre  ends  and  thus  results 
in  the  possibility  of  a  resonant  cavity  for  opucal 
radiation  (at  one  appropnatc  wavelength  and  given 
suitable  temporal  coherence  properties  of  the 
radiation) 

If  a  second  length  of  single  mode  fibre  is  placed  so 
that  It  butt  joins  the  FFP,  as  shown  in  figure  1. 
then  the  FFT*  can  be  efficiently  illuminated  This 
second  fibre  (termed  the  addressing  fibre)  can  also 
return  the  light  reflected  from  the  FFP  to  a  suitable 
detection  svstem 


where  n  is  ihc  clleclive  rclr.KUst  iiuJcs  t.i  ihc  !ifn, 
core,  /  IS  ihf  length  of  the  IT!'  and  r  n  h.l 
wavelength  ot  the  ilhiniinaiHiL'  liglu  It!.  ph,tN-,  i-- 
thus  dircstlv  proponion.il  u>  ilie  ieneu!  d 

the  imerfcrornctet  As  O  changes  ihe  ic!ie,.ied  ,1:  .; 
transmiiicd  FFT  inlcnsilv  changes,  giv  ing  rise  u.  ,1 
senes  of  interference  fnnges  For  the  ease  oi  low 
reflectivity  at  each  end  of  the  FFT  onh  ihe  iowcsi 
order  reflections  need  be  considered  and  the 
return  intensity  1  is  then  given  by 

I  =  I  HI  1 1  *■  \  co.so  I  , '  , 

where  l^i  is  the  mean  return  intensity  (averaged 
over  one  penod  of  cos  0)  and  \  is  the  v  isibiliiv  of 
the  fnngc  pattern,  where 

\-  =  *M.XX  ;  , 

'm\x  ^  ImIN 

and  where  1hi.v\  aud  1hii\  arc  the  fnngc  intensitv 
maxima  and  minima 

3.2.  The  FFP  as  a  sen.sor 

The  basis  of  the  FFT  as  a  scn.sor  is  ihai  the  single 
mode  fibre  from  which  tt  is  comstructed  ha.s  an 
intnnsic  phase  sensitivity  to  temperature,  pressure 
and  strain  - 

(4i 

AO  1  ^  An  ^  . 

—  =  -  at  ^  — —  AP  -  -  At 

0  0  (Tt  0  0  dc 


Vaughan  (1989)  gives  full  details  of  the  Fabry - 
Perot  resonator  only  the  biicfc.si  outline  is  given 
here  The  intensity  of  the  returned  light  is 
dependent  on  the  optical  phase  0  associated  with 
one  round  tnp  of  the  FFP,  such  that 


0  = 


Ami 


(1) 


where  T.  P  and  f  represent  temperature,  pressure 

and  strain  restxxtively  For  the  fused  silica  core  ...  ^ 

fibre  used  in  our  expenments  in  wind  tunnels,  it 

has  been  shown  (Hockcr  1979)  iliai  the  thermal 

phase  sensitivity  of  the  fibre  dominates  over  the 

pressure  and  strain  sensitivities  in  many  practical 

situations  From  equation  (1),  we  sec  that  the 

thermal  sensitivity  of  a  shon  length  of  fibre  in 

thermal  cquilibnum  is  given  by 
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where  a  is  the  thermal  cxpansnit)  of  the  fibre, 
and  P  =  div'dT  is  the  thcrmo-oplic  coefficient  For 
the  fused  silica  fibre  used  in  our  experiments,  the 
term  in  P  dominates 


With  appropriate  signal  processing  (Culshaw  & 
Dakin  198b),  it  is  pwssible  to  conten  from  changes 
of  FTP  reflected  intcnsiti  to  changes  of  phase 
using  equation  (2)  Then,  using  the  first  term  of 
equation  (4),  the  temperature  change  can  be 
detemuned 


The  timescale  over  wtsKh  the  1  i  i'  l.ih  ii(Kra!c  as  a 
calonnieier  is  sei  b'-  iis  iciicili  if's  ienctti  /  inusi 
be  long  compared  to  the  depili  li!  pciselralion  ni  .i 
heal  pulse  incident  as  a  plane  «.ise  p.ii  ilic!  le  Ilie 
substrate  surlacc  and  FI  1‘  disi.tl  tac:  !  lir-  depili 
can  be  taken  as  the  ihcnnai  dilTu-sion  dcpUi  D,  for 
cn  incident  heal  pulse  of  duration  ! 

Di-4.^rt 

where  y  is  the  thermal  diffusiv  its  of  tlie  fused  silica 
of  the  FTP  For  >  D,  a  negligible  ptoponion  of 
the  thermal  wave  of  ihe  meideiii  hcai  pulse 
propagates  as  far  as  the  proximal  (inner)  face  of 
the  FTP  An  FTP  3mm  long  constnictcd  from 
fused  silica  with  ■)  =  8  4  x  lo'  m‘s‘‘  is  suitable 
for  calonmcinc  operation  in  wind  timncls  ssith  a 
pulse  duration  of  up  to  ('  5  s 


3.3.  The  FFP  as  a  calorimeter 

The  FTP  can  be  used  as  a  calorimeter  in  transient 
wind  tunnel  expenments  bs  embedding  it  in  a 
substrate  (e  g  a  mode!  turbine  blade  under  test) 
such  that  Its  length  /  is  perpendicular  to  the 
substrate  surface,  as  shown  in  figure  2  with  its 
distal  (outer)  face  flush  with  the  surface  Fused 
silica,  from  which  the  optical  fibres  were 
fabneated,  has  thermal  properties  vers  similar  to 
those  of  machinable  ceramics  (e  g  Macor),  from 
which  model  test  components  designed  for  use 
with  platinum  thin  film  gauges  arc  most 
commonly  made  Hence,  a  one  dimensional  heat 
transfer  model  is  sufficient  to  desenbe  heal  flow  in 
the  substrate  and  FTP  An  advantage  of  the  optical 
gauge  IS  that  it  is  all-dielccinc.  and  may  hence  be 
used  with  cicctncally  conducting  (e  g  metal)  lest 
components  In  this  case,  a  tw'o  dimensional  heat 
transfer  analysis  is  required,  but  the  mode  of 
operation  is  similar 


The  phase  change  AO  of  the  FFP  associated  with  a 
temperature  change  AT  reiainc  to  unifomi 
ambient  temperature  of  T^,  is 

A(p=<i>(T>^AT}-dT) 

For  the  case  in  which  ihc  lempcraturc  change  is  a 
function  of  distance  along  the  fibre  core,  equation 
(8)  becomes 

19) 

where  AT(x)  ts  the  temperature  change  of  an 
elemental  length  dx  of  the  FTP  If  AT  is  defined  as 
the  mean  temperature  nsc  integrated  over  the 
length  of  the  FFP,  then  equation  (9)  becomes 

_  (10) 

^  4ntna+/3)/AT 

=  - - ^ - 


> 
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The  calonmcier  cqiuHson  in  terms  of  A  I'  applied 
to  the  FFP  IS 

q=/5C'm 

where  p  and  C  arc  the  mass  dcnsits  per  unit  lenitih 
and  specific  heat  capaciu  of  fused  silica 
respectively  and  q  is  the  heat  energy  gained  b\  the 
calorimeter  per  unit  cross-sectional  area  Taking 
the  time  denvaiise  of  equation  (II)  and 
subsumung  using  equauon  (10)  yields  the  surface 
heat  transfer  rate  in  terms  of  the  pliase  change  of 
the  FTP 

(12) 

•  pCA  dg) 

^  47r(na-i-/J)  dt 

It  can  be  seen  from  this  equation  that  the 
calibration  of  f'C  FFP  to  measure  heat  fla\  in 
Wm'^  is  intnrsic,  dependent  only  on  the 
properties  of  fused  silica  and  the  wavelength  of 
light  used  to  illurrunatc  the  FFP,  aiid  is 
independent  of  the  length  of  the  sen.sor 

4.  The  Measurement  System 

Figure  3  is  a  schematic  representation  of  the 
complete  measurement  system  that  wc  have 
constructed  Light  from  a  laser  diode  (Sharp 
LT024)  operating  with  a  mean  optical  power  of  20 
mW  at  a  wavelength  of  780  nm  is  coupled  into 
arm  1  of  a  single  mode  fibre  directional  coupler 
(DC)  This  light  IS  spill  in  a  50/50  power  ratio 
between  the  two  output  arms  2  and  4  Arm  2  is 
spliced  to  the  addressing  fibre,  which  can  be  of 
arbitrary  length  (up  lo  lOOm  in  our  experiments) 
The  FFP  reflecuon  returns  to  the  directional 
coupler  where  it  is  split  between  arms  1  and  3  A 
photo-diodc  at  the  end  of  arm  3  is  used  to  monitor 
the  return  intensity  In  pnncipic  arm  4  of  the  DC 
IS  not  needed,  but  wc  have  used  the  signal  in  this 


arm  as  an  intciisitv  ickrcfKC  i,'  allow 
compensation  foi  laser  iiilcii'-ii'  rioi-c  anj 
variations  in  the  lascr-to-fibrc  i.nirivii  c!li.icii<.\ 
The  output  from  llic  phaio-deitxtor'.  i--  L.ip.ured 

wi:!i  a  IraiLsienl  reeordc; 

For  heat  transfer  expenments  where  oiiK  a  smaii 
opucal  phase  change  c  -  n  rads)  is  induced  in  the 
FFP,  signal  processing  is  straightforward  In  this 
regime,  the  FFP  reflected  tnicnsitv  is  hneariv 
related  lo  FFP  pliasc,  provided  the  initial  phase  of 
the  FFP  IS  not  close  to  a  turning  point  of  equation 
(2)  This  initial  pliase  setting  can  be  achieved  b\ 
control  ol  the  laser  diode  wavelength  via  it.s 
injection  current  (Dandndgc  Goldberg  )9K:i 

For  cases  where  the  FFP  phase  vanes  over  a 
sigmficant  fraction  of  2r.  rads,  an  alternative 
techmque  is  required  to  avoid  signal  fading  Wc 
have  chosen  a  technique  based  on  quadrature 
switching  the  laser  diode  wavclcngih,  again  bv 
controlling  its  injccuon  current  This  cflcctivclv 
generates  two  wavelengths  (/-i  and  LtI  of 
illumination  of  the  FFP,  each  wavelength  being 
used  alternately  The  wavelength  difference 
IS  chosen  so  that  the  FFP  phase  (given  by  equation 
(I))  shifts  by  71/2  as  a  result  of  the  change  m 
wavelength  The  reflected  signals  from  the  FFP 
can  then  be  described  as 

b  Imi  (1  -r  \'  sinO)  (17) 

1 .'  =  Ivt :  ( I  V  cosd>)  ( 1  1 

From  equations  (13)  and  (14)  it  possible  to  obtain 
a  unique  value  of  i{i  that  docs  not  suffer  from  signal 
fading  Using  this  technique  we  have  quadrature 
switched  the  laser  diode  source  at  rates  of  up  to  Ut 
kH/  (Anderson  cl  al  1991).  though  the  potenua) 
for  higher  switching  rates  of  up  to  at  least  90  kHz 
exists 
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A  multiplexed  sensor  sx  sicni  of  up  to  4  sensors  has 
been  constnictcd  and  operated  b\  us  The  basic 
single  channel  sxstem  of  figure  1  has  been 
incorporated  into  a  netvsork  of  "  fibre  directional 
couplers  as  shosen  in  figure  4  In  this  sxstcni.  four 
sensors  arc  illuminated  from  a  single  laser  diode 
source  and  the  reflected  signal  from  each  rTP  is 
taken  to  a  separate  photo-detector 

S.  Evaluation  Experiments 

Initial  laboraiorx  evalmdion  of  the  FFP  sensors 
was  earned  out  with  pulsed  heating  expenments 
using  a  pulsed  Nd.YAG  laser  (Kidd  et  al  1990) 
From  these  exTicnmenis.  a  response  time  of  the 
sensing  sxsiem  was  established  as  <  8  ps  The  FFP 
sensor  was  capable  of  measunng  heat  fluxes  in  the 
range  1  kWm"^  to  20  MWm*^ 

Pulsed  wind  tunnel  sensor  csalualion  took  place  in 
a  short  duration  shock  tube,  run  in  the  Ludwicg 
configuration  (Ludwieg  1957)  A  schematic  of  this 
tunnel  is  given  in  figure  5  before  each  run.  the 
mam  tube  was  pressunzed  to  8  Bar  with  argon  and 
the  dump  lank  evacuated  to  a  rough  vacuum 
When  the  double  diaphragms  were  burst  by 
venting  the  intermediate  volume  to  the 
atmosphere,  an  expansion  waic  propagated  the 
length  of  the  mam  tube  Behind  this  wave,  the  gas 
expanded,  cooled  and  flowed  through  the  working 
section  to  the  dump  tank,  aliaming  a  xclocily  of 
Mach  0  7  and  a  temperature  of  ~  50  K  below 
ambient  The  run  time  of  the  tube  was  20  ms 

A  flat  plate  constructed  of  Macor  with  an  elliptical 
leading  edge  was  used  as  a  simple  test  model  and 
placed  tn  the  working  section  of  the  tube  It  was 
instrumented  with  4  FFP  gauges  embedded  and 
cemented  al  different  distances  from  the  leading 
edge  There  were  also  6  platinum  thin  film  gauges. 


4  of  which  were  locaicd  al  dist.mces  troiii  ihe 
leading  edge  correspondmg  to  the  FFP  g.iuycs 
The  thin  film  gauges  proxided  cornpanson  data  foi 
the  heal  transfer  values  obtained  from  ihc  FFP 
gauges 

Given  Ihe  thermal  properties  of  Macor  and  the  run 
conditions  of  the  Ludwieg  mbe.  heat  flux  from  the 
plate  to  the  cooler  gas  was  anticipated  to  be 
between  40  kWm"^  and  100  Wni'^.  depending  on 
the  degree  of  turbulent  flow  over  the  plate  The 
anticipated  change  in  the  FTP  calonmctet 
temperature  was  -  100  mK 

The  Ludwicg  tube  was  chosen  as  a  particularh 
stringent  test  of  the  Fabrx-F^erot  sensors,  given  that 
the  duration  of  the  heat  pulse  was  short,  leading  to 
a  small  temperature  signal,  and  the  magnitude  of 
the  pressure  change  was  large  Following  these 
successful  evaluations,  further  cxpcnmcnis  were 
conducted  in  a  more  realistic  practical  situation 
using  a  transient  flow  wind  tunnel  of  run  duration 
520  ms.  with  a  mean  fluid -to -blade  icmperaiurc 
difference  of  160  K.  and  a  pressure  change  of  I  5 
bar  Expenments  were  again  conducted  using  a 
Macor  blade  instrumented  with  Fabry-Perol 
sensors 

For  these  expenments.  the  FFP  mounting 
arrangements  were  modified  such  that  the  sensors 
were  an  accurate  sliding  fit  within  the  substrate, 
rather  than  being  cemented  into  place  It  was 
believed  that  such  an  arrangement  would  prevent 
the  communication  of  strain  from  the  substrate  to 
the  sensor,  thus  reducing  the  apparent  pressure 
cross-scnsitivity  In  the  expenments,  the  optical 
arrangement  for  intenogating  the  sensor  was 
situated  at  a  distance  of  10m  from  the  tunnel, 
communicating  via  an  optical  fibre  cable 
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6.  Evaluation  Results 

Figure  u  shows  a  tvpical  result  of  a  Ludwicg  tube 
run  The  run  lime  of  the  tube  ts  indicated  b\  the 
region  of  the  pressure  trace  that  is  constant  The 
mean  heat  transfer  rate  determined  using  the  FTP 
gauge  was  53  ±  6  kWm'^  and  that  of  the 
corresponding  thin  film  gauge  was  52  ±  1  kWm'* 
A  summarv  of  further  runs  is  given  tn  the 
following  table  Sensor  number  in  the  table  relates 
to  the  distance  from  the  leading  edge  of  the  plate 
Confidence  limits  for  the  thin  film  gauges  are  i 
5%. 


Run 

FFP 

No 

q  (kWm’^i 

Pt  No 

q  (kWm"2) 

1 

5 

39.2  ±  5  5 

4 

50 

5 

44  8  +6.3 

4 

50 

3 

5 

34.2-4.8 

4 

46 

4 

3 

32  9  ±46 

4 

52 

5 

39  4  ±5.5 

6 

44  5 

5 

1 

317  ±44 

"5 

45  5 

3 

13  9  ±  1  9 

4 

46  5 

5 

19  8  ±  2  8 

6 

1 

21  4  ±  3  0 

3 

47 

3 

28  4  ±  4  0 

After  run  5,  the  Macor  plate  was  found  to  have 
fractured  and  was  no  longer  bang  with  the  plane  of 
the  plate  parallel  to  the  gas  flow  This  meant  that 


there  was  not  a  unilornt  disinbuiion  of  iio.ti 
transfer  oicr  the  area  of  the  plate  tKhi'.--:  th.i! 
the  FFP  heal  transfer  tales  loi  tuiis  '  and  '■ 
therefore  should  not  nccessanK  Lotre^pond  t'  tiau 
film  heat  transfer  rates 

Tvpical  results  from  an  evpenment  using  the 
longer  duration  wind  tunnel  arc  shovvn  m  figure  " 
plotted  as  mean  temperature  change  against  time 
The  floss  condiiioris  were  adjusted  to  produce  an 
approxtnuiels  constant  heat  flux  The  mean  heai 
fluv  obtained  with  the  FTI'  senssns  ssas  I'-"  • 
kVVm‘*  ,  compared  with  US  •  -1  kUnf-  from 
thin  film  gauges  thus  shossmg  gtxid  aErccmeni 
within  cxpcnmenial  error  The  results  shoss  thaf 
the  FFP  sensors  had  mstgiiiftcant  pressure  cross- 
scnsuiviiy 

7.  Discussion 

A  comparison  between  the  hea!  transfer  ratex 
obtained  from  the  FFP  gauges  and  the  thin  film 
gauges  given  tn  the  tabic  shows  that  there  ssas 
reasonable  agreement  between  the  two  in  the  first 
3  runs  In  the  later  runs  it  is  csidcnt  that  Uicrc  arc 
significant  differences  in  the  heat  transfer  rate 
obtained  from  the  different  sensor  types  As 
mentioned  above,  this  is  thought  to  be  due  to  the 
damaged  plate  This  damage  took  the  form  of 
several  large  and  deep  cracks  across  the  plate 
surface  The  accidental  damage  to  the  plate  tested 
the  robustness  of  the  FFP  sensors  which  continued 
to  operate  salisfactonly.  whilst  a  number  of 
platinum  thin  film  gauges  failed 

Several  aspects  of  figure  6  arc  worth  commenting 
on  It  should  be  noted  that  the  total  temperature 
cliangc  of  the  FFP  during  the  enure  Ludwieg  tube 
run  was  only  300  mK  The  pressure  sensitixity  of 
the  FFP  sensor  was  much  higher  than  first 
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expected,  based  on  estimates  of  the  pressure 
sensitiMt)  of  fused  siiica  fibre  Hov^ever.  the 
mounting  arrangement  of  the  sensor  could 
Significantly  increase  its  sensitivity  to  pressure 
{Bucaro  1987) 

The  large  periodic  oscillations  in  the  data  from  the 
FTP  are  attributed  to  oscillations  of  mechamcal 
components  used  to  enable  the  coupling  of  light 
from  the  laser  diode  source  to  the  fibre  The 
intensity  referencing  scheme  outlined  above  was 
unable  to  completely  correct  for  these  sanations 

In  the  experiments  earned  out  using  the  longer 
duration  pulsed  wind  tunnel  the  combination  of  a 
higher  thermal  signal  and  improsed  sensor 
mounting  and  intensity  referencing  yielded  data 
showing  negligible  pressure  cross-sensilisity  or 
intensity  noise  The  results  obtained  showed 
excellent  agreement  with  the  platinum  thin  film 
gauges 

The  noise  limn  for  the  FFP  heat  transfer 
measurements  is  determined  by  the  coninbution  to 
the  detected  signal  from  parasitic  optical 
reflections  and  parasitic  optical  cavities  within  the 
fibre  optic  network  Such  reflections  were  reduced 
by  design  features  such  as  careful  matching  of  the 
refractive  indices  of  components,  but  there  is  a 
fundamental  backscattcrcd  signal  ansing  from 
light  that  has  been  coherently  Rayleigh  scattered  in 
the  addressing  fibre  We  have  devised  a  technique 
based  on  high  frequency  modulation  of  the 
waselength  of  the  laser  diode,  which  significantly 
reduces  this  effect,  so  that  the  entire  system  noise 
floor  IS  below  30  mK  in  a  100  kHz  bandwidth 

Further  development  of  the  FFP  sensor  as  a  heal 
transfer  gauge  and  a  thermal  sensor  will  continue, 
with  development  of  alternative  multiplexing  and 


signal  priKcsstng  schemes  .is  ssell  as 
iinprotcmctus  in  ihe  consinicuon  of  ihc  FFF  IF 
further  reducing  the  noise  fliHir  ol  ihc  sysicm 
towards  its  funcUinicnuil  liniii  and  b%  himiing  the 
measurement  bandvsidth,  therma!  iiicasurcmcius 
with  giK  resolution  are  possible 

8.  Conclusions 

Measurements  of  heat  flux  using  a  fibre  optic 
interferometne  sensor  have  been  successfulK 
earned  out  in  a  short  duration  wind  tunnel  facility 
The  sensor  has  a  resolution  of  1  kWnr-  and  a 
dynamic  range  of  •  20  MWm'*,  with  a 

measurement  bandwidth  of  100  kll/ 
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Figs  1&2 
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Figure  7 

A  result  from  a  lortger  duration  (~5(K)ms)  pulsed  wind  tunnel  The  mean  temperature  change  of  the  FFP 

calorimeter  is  plotted  as  a  function  of  time 
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Figs  3-5 


Figure  3 


OptK.iI  !f%siC!i'!  for  a  S'liglc  hcai  iransfer  sensor 
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Figure  5 


Sahf.,..;K  of  the  1  iiduiee  iiiK’  sluvn  aiirat.oj! 
uind  runnel 
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Figure  4 

Fibre  network  for  spatial  multiplexing  of  four  fibre 
Fabrx -Perot  heat  transfer  sensors  FTP  1  4  PD  1  4 
arc  the  signal  detectors.  PD  5  S  ate  the 
conesponding  reference  detectors 
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Fig  6&7 
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addressing  fibf«  FFP 

Figure  1 

An  optical  Fibre  Fabr>-Pcrot  (FFPi  inicrfcronieter 
and  addressing  fibre 
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Figure  2 


Cross  section  of  optical  fibre  heat  transfer  sensor 
embedded  within  the  test  object  substrate 
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